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In Brief
Brand et al. show that evolved species differences in the rate and patterning of crossing over during meiosis are mediated by molecular evolution at the dicistronic meiosis gene, mei-217/mei-218. The evolution of species differences in recombination has resulted in differences in the genomic distribution of nucleotide variability.
RESULTS AND DISCUSSION
Despite its functional and evolutionary benefits [1, 5] , crossing over entails risks. First, selfish repetitive DNA sequences (e.g., transposons) distributed throughout the genome present the risk of non-homologous ectopic exchange [6, 7] , which can give rise to deleterious de novo duplications and deletions in R2% of meioses in D. melanogaster [8] . Second, crossovers in centromere-and telomere-proximal regions can increase the risk of improper chromosomal segregation, resulting in breakage and nondisjunction [9] . The optimal rate and distribution of crossing over may therefore evolve to balance the benefits of recombination against the costs of ectopic exchange and missegregation.
Between Drosophila melanogaster and its closely related species, D. mauritiana, appreciable differences in the rate and chromosomal distribution of crossing over have evolved despite comparable genome sizes and karyotypes [10] . In D. mauritiana, the total genetic map lengths of the three major chromosomes, X, 2, and 3, are 1.7-, 1.5-, and 2.1-fold longer, respectively, than those in D. melanogaster [10] . Some of these differences in genetic map length are attributable to differences in the chromosomal distribution of recombination: crossing over is suppressed at considerable distances from telomere-and especially centromere-proximal regions in D. melanogaster [11] , whereas the range of these effects is narrower in D. mauritiana [10] . How and why genetic maps evolve is almost entirely unknown [3] .
We sought to determine the genetic basis and evolutionary causes of these species differences in crossover rate and distribution. To identify candidate genes, we surveyed the molecular evolution of genes previously identified in classical screens for mutations that disrupt meiosis in D. melanogaster [11] [12] [13] . These mutations disrupt genes that function in synaptonemal complex formation, double-strand break (DSB) formation, DSB repair, establishment of crossover intermediates, and resolution of crossover intermediates [13] [14] [15] . We generated sequence alignments for a set of 35 Figure S1 ). Previous analyses have established that the MEI-218 protein has a mini-chromosome maintenance (MCM) domain and interacts with several other meiosis-specific MCM proteins to form a so-called mei-MCM complex [16] . In mei-218 mutant females, synaptonemal complex formation, DSB formation, and recombination via gene conversion all proceed normally, whereas the rate of crossing over is reduced by R90%, the number of spherical recombination nodules is reduced (with those remaining often having abnormal morphology), and the rate of chromosomal nondisjunction is elevated accordingly [12, 14, 15, 17] . During repair of DSBs, mei-218 appears to function after strand invasion but prior to crossover resolution [15, 18] . The MEI-218 protein is thus necessary for the establishment and/or stabilization of heteroduplex crossover intermediates [19] . Its inferred function and rapid sequence evolution together suggest that mei-218 is a reasonable candidate contributor to the evolved species difference in crossing over between D. mauritiana and D. melanogaster.
To test the functional consequences of interspecific sequence divergence at mei-218, we assayed the effects of wild-type D. melanogaster and D. mauritiana alleles using a transgenic approach ( Figures 1A and 1B) . A dicistronic gene encodes both the MEI-217 and MEI-218 proteins from a single transcriptional unit with open reading frames that overlap by seven codons, in different reading frames, and with separate translation initiation sites ( Figure 1A ) [20] . (Table 1 ; 95% confidence intervals = 1.13-1.31; p = 0.0002), accounting for $82% of the wild-type species difference in the total net to cn map distance.
Notably, the mei-217/-218 mau -mediated increase in genetic map length is not uniform across genetic marker intervals. Those intervals with significantly increased crossover rates occur in telomere-and centromere-proximal regions (1.84-fold for net-ho and 1.36-fold for b-pr) or span the centromere (1.33-fold for pr-cn; Table 1 ). No difference is expected in crossover rates in the medial regions of 2L [10] and, although the two medial intervals scored have higher rates of crossing over in mei-217/-218 mau than mei-217/-218 mel females, neither differs significantly (p R 0.2501; Table 1 ). (We note, however, that our statistical power is relatively weak for these two non-significant intervals, %0.20; Table 1 ). We next tested whether species differences in mei-217/-218 gene expression might mediate these 1 allele contains a nonsense mutation [14] . Crossover frequencies were scored among six visible markers spanning the left arm of chromosome 2 and the centromere: net (net), decapentaplegic (ho), dumpy (dp), black (b), purple (pr), and cinnabar (cn Figure S3 ). These findings suggest that the observed differences in the rate and distribution of crossing over are attributable to evolution of the mei-217/-218 proteincoding sequence, not to its gene expression level.
The number of crossovers formed among homologous chromosomes of a tetrad is highly regulated [13, 21] . Crossover assurance mechanisms promote the formation of one crossover per tetrad, and crossover interference mechanisms inhibit the formation of multiple crossovers in close proximity on a chromosome arm [22] . Consistent with regulation, we find that the distributions of the number of crossovers per tetrad are under-dispersed relative to -mediated increase in the average number of crossovers per tetrad is achieved by decreasing the incidence of tetrads with no crossovers (E 0 ), increasing the incidence of those with single crossovers (E 1 ) or multiple crossovers (E R2 ) or a combination [23] . We find that the incidence of E 1 tetrads is the same for mei-217/-218 mau and mei-217/-218 mel females (Table 1) . However, the incidence of E 0 tetrads in mei-217/-218 mau females is only 0.64-fold that in mei-218 mel females, whereas the incidences of E 2 and E 3 tetrads are 1.5-and 6.2-fold higher, respectively ( Table 1 ). The resulting increase in the occurrence of multiple crossovers accounts for $59% of the observed increase in genetic map length. Estimating crossover interference for the two largest adjacent intervals (dp-b-pr) shows that interference is $36% weaker for mei-217/-218 mau than for mei-217/-218 mel females (0.508 versus 0.793; Mann-Whitney p = 0.0085). These results show that the mei-217/-218 mau transgene simultaneously strengthens crossover assurance and weakens crossover interference.
As our transgenic flies are genetically identical (or nearly so), the observed differences in crossover rate and distribution are not readily attributable to differences in genetic background or to any aspect of meiosis not affected by mei-217/-218. How mei-217/-218 regulates the number and distribution of crossovers is not known [14] [15] [16] . One possibility is that, just as the canonical MCM complex functions as a holoenzyme to facilitate DNA synthesis into replication forks [24] , the mei-MCM complex might facilitate DNA synthesis into the forks of heteroduplex DNA structures as required for the formation and stabilization of crossover intermediates. If heteroduplex structures are stabilized more effectively in mei-217/-218 mau females, then more heteroduplexes might achieve second-end capture and be resolved as crossover events versus dissolve and result in non-crossover gene conversion events. Given the shared genetic backgrounds of our transgenic flies, we infer that mei-217/-218 mau increases the probability that a DSB will be repaired as a crossover (versus a non-crossover gene conversion) than mei-217/-218 mel . As a result, crossover assurance is strengthened (fewer E 0 tetrads), whereas the intensities of crossover interference and centromere (telomere) suppression are diminished [22] . Why mei-218 has evolved so rapidly between these closely related species is unclear. Rapid sequence evolution can result from relaxed functional constraints or from divergent positive natural selection. To investigate the population genetic forces responsible for the rapid evolution of mei-218, we studied nucleotide polymorphism and divergence in resequence data obtained from 20 D. melanogaster samples from Rwanda and 8 D. mauritiana samples from Mauritius. There is no evidence for recent hard selective sweeps in the mei-217/-218 gene regions, as levels of polymorphism and the site frequency spectra are typical for these species (Table 2) . However, two analyses provide evidence for a history of recurrent positive natural selection. First, using lineage-specific McDonald-Kreitman tests [28] , we find that D. melanogaster mei-218, but not mei-217, has Figure S2 ). p values are derived from unpaired t tests, and we estimated the power (in parentheses) associated with each test. E 0 , E 1 , E 2 , and E 3 are the estimated frequencies of tetrads with zero, one, two, and three inferred crossovers, respectively (see STAR Methods for details).
an excess of nonsynonymous substitutions (Table 2) . Second, to localize the signals of positive selection, we implemented gammaMap [29] , a powerful phylogenetics-population genetics method that combines information from lineage-specific substitutions and the site frequency spectrum from each species to infer the posterior probability of positive selection at individual codons. The gammaMap results show that the probability of positive selection is >0.5 for 99 and 130 codons of mei-218 in D. melanogaster and D. mauritiana lineages, respectively (Figure 2A ; Table 2 ). These signals of positive selection are restricted to mei-218 almost exclusively, as only one codon in mei-217 shows evidence of positive selection ( Figure 2A ; Table 2 ). Within mei-218, positively selected codons are concentrated in regions encoding the N-terminal basic region and the middle acidic region but appear absent from the C-terminal MCM-domain region (Figure 2A) . The small MCM-domain itself has no detected positively selected substitutions in either lineage.
To explain recurrent bouts of adaptive evolution at mei-218, which has accumulated 218 fixed nonsynonymous differences between species, would seem to require a model of adaptation to a moving fitness optimum. One possibility is that adaptive evolution at mei-218 results from selection on a function other than recombination in females. The mei-217/-218 gene is expressed at high levels in testes, although its function in males, which are achiasmate, is unknown (mei-218 1 males are fertile [12] ). Another possibility is that mei-217/-218-mediated change in recombination rates may have evolved in response to a history of recurrent meiotic drive in the female germline, either increasing or decreasing the rate of crossing over, depending on the timing of drive (MI or MII) and the genetic linkage between mei-217/-218 and drive alleles [31] . Finally, mei-217/-218-mediated change in recombination rates could reflect adaptation to species differences in transposon abundance. There are two competing models here. First, as the transposon content of the D. melanogaster genome is several-fold higher than that of D. mauritiana [32] , reduced rates of crossing over in D. melanogaster may have evolved to mitigate a higher risk of ectopic exchange between non-homologous transposon insertions [33] . Under this model, the rate and distribution of recombination might evolve frequently to balance the benefits of crossing over versus the risk of ectopic exchange arising from historically fluctuating, species-specific transposon loads [33] [34] [35] . Second, and alternatively, once transposon copy numbers reach equilibrium, selection may favor the evolution of increased crossover rates, facilitating the elimination of transposons via ectopic exchange [36] . Whatever the cause(s), mei-217/-218-mediated changes in crossing over have, as an incidental by-product, contributed to species differences in the chromosomal distribution of nucleotide variability. Recurrent positive and negative selection both reduce nucleotide variability at genetically linked sites [37, 38] . These so-called hitchhiking effects are pervasive but ameliorated by recombination, giving rise to genome-wide correlations between nucleotide variability and local recombination rates in many taxa [2] . In D. melanogaster, the domain of crossover suppression extends further from the centromere than in D. mauritiana [10] , a difference attributable in part to evolution at mei-217/-218 (Table 1) . We find that, consequently, levels of Figure S3 ), McDonald-Kreitman tests contrasting polymorphisms and fixed differences from noncoding sequences (5 0 UTR, 3 0 UTR, and introns) with those at synonymous positions revealed no evidence for recurrent positive selection. Positions with evidence of multiple substitutions were excluded, as the inferred ancestral state is ambiguous by simple parsimony. We used gammaMap to estimate the number, posterior probability, and location of positively selected substitutions in mei-217 and mei-218 (see Figure 2A) . For additional details, see STAR Methods, Table S1 , and Figure S1 .
nucleotide variability recover less quickly with physical distance from the centromere in D. melanogaster than in D. mauritiana (Figures 2B). Taken together, our results show that adaptive protein evolution at the mei-217/-218 gene has contributed to change in the recombination landscapes of D. mauritiana and D. melanogaster and incidentally shaped species differences in the chromosomal distribution of nucleotide variability.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Figure 2B shows the number of segregating sites per 50-kb window standardized by the maximum value.
